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Cellular/Molecular
Intense Isolectin-B4 Binding in Rat Dorsal Root Ganglion
Neurons Distinguishes C-Fiber Nociceptors with Broad
Action Potentials and High Nav1.9 Expression
Xin Fang,1 Laiche Djouhri,1 SimonMcMullan,1 Carol Berry,1 Stephen G. Waxman,2 Kenji Okuse,3 and Sally N. Lawson1
1Department of Physiology, Medical School, Bristol University, Bristol BS8 1TD, United Kingdom, 2Department of Neurology, Yale University School of
Medicine, New Haven, Connecticut 06510, and 3Division of Cell and Molecular Biology, Faculty of Life Sciences, Imperial College London, London SW7
2AZ, United Kingdom
Binding to isolectin-B4 (IB4) and expression of tyrosine kinase A (trkA) (the high-affinity NGF receptor) have been used to define two
different subgroupsofnociceptive small dorsal root ganglion (DRG)neurons.Wepreviously showed that onlynociceptorshavehigh trkA
levels. However, information about sensory and electrophysiological properties in vivo of single identified IB4-binding neurons, and
about their trkA expression levels, is lacking. IB4-positive (IB4) and small dark neurons had similar size distributions. We examined
IB4-binding levels in120 dye-injected DRG neurons with sensory and electrophysiological properties recorded in vivo. Relative im-
munointensities for trkA and two TTX-resistant sodium channels (Nav1.8 and Nav1.9) were also measured in these neurons. IB4
neurons were classified as strongly or weakly IB4.
All strongly IB4 neurons were C-nociceptor type (C-fiber nociceptive or unresponsive). Of 32 C-nociceptor-type neurons examined,
50%were strongly IB4,20%were weakly IB4 and30%were IB4. A low-threshold mechanoreceptive (LTM) neurons were
weakly IB4 or IB4. All 33 A-fiber nociceptors and all 44 A/-LTM neurons examined were IB4. IB4 compared with IB4
C-nociceptor-type neurons had longer somatic action potential durations and rise times, slower conduction velocities, more negative
membrane potentials, and greater immunointensities for Nav1.9 but not Nav1.8. Immunointensities of IB4 binding in C-neurons were
positively correlatedwith thoseofNav1.9butnotNav1.8.Of 23C-neurons tested forboth trkAand IB4,35%were trkA/IB4butwith
negatively correlated immunointensities; 26% were IB4/trkA, and 35% were IB4/trkA. We conclude that strongly IB4 DRG
neurons are exclusively C-nociceptor type and that high Nav1.9 expression may contribute to their distinct membrane properties.
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Introduction
Isolectin-B4 (IB4) from the plant Griffonia simplicifolia binds to
small dorsal root ganglion (DRG) neurons through -D-
galactose carbohydrate residues on their soma membranes (Sil-
verman and Kruger, 1990; Fullmer et al., 2004). Common as-
sumptions, that IB4-binding [IB4-positive (IB4)] DRG
neurons are nociceptive and that nociceptors can be divided into
nonoverlapping populations of trkA (tyrosine kinase A) and
IB4 neurons, are based on circumstantial evidence with little
confirmatory data from definitively identified neurons. This cir-
cumstantial (mainly immunohistochemical) evidence includes
restriction of IB4 binding to small DRG neurons and dorsal horn
lamina II (inner), a region receiving nociceptive inputs (Plender-
leith et al., 1992; Kitchener et al., 1993; Molliver et al., 1995). The
only previous study on identified DRG neurons reported that
IB4 neurons included both C- and A-fiber nociceptors (Gerke
and Plenderleith, 2001). However, small numbers of neurons in
that study left room for doubt about whether IB4 binding is
nociceptor specific. Furthermore, their findings conflict with ev-
idence that IB4 neurons are rarely neurofilament rich (Wang et
al., 1994), suggesting (Lawson and Waddell, 1991) that few, if
any, have A-fibers.
IB4DRGneurons express receptor components for glial cell
line-derived neurotrophic factor (GDNF) and preferentially
transport GDNF, which influences their survival and properties
(Molliver et al., 1997; Bennett et al., 1998; Leitner et al., 1999;
Zwick et al., 2002). TrkA, the high-affinity nerve growth factor
(NGF) receptor, is expressed by nociceptive DRG neurons (Fang
et al., 2005a). The extent of colocalization between trkA expres-
sion and IB4 binding in DRG neurons is generally assumed to be
very low, despite reported variability (Averill et al., 1995; Kashiba
et al., 2001). Thus, neither proportions nor sensory properties of
neurons showing both trkA expression and IB4 binding are clear.
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Acutely isolated IB4 and IB4 small DRG neurons (rat and
mouse) show distinct electrophysiological properties. IB4 neu-
rons have longer somatic action potential (AP) duration and
higher TTX-resistant Na-current densities (Stucky and Lewin,
1999; Wu and Pan, 2004), but the identity of the TTX-resistant
channel(s) was unknown. Furthermore, fiber conduction veloc-
ities (CVs) could not bemeasured. Because A-fiber neurons have
narrowerAPs thanC-fiber neurons (Fang et al., 2005c), any small
A-fiber neurons in the IB4 group would have contributed to
these findings.We have therefore determinedwhether this differ-
ence exists between IB4 and IB4 C-fiber neurons. Ion chan-
nels that could cause such differences include the TTX-resistant
channels Nav1.8 and Nav1.9, which are both expressed most
strongly in small C-nociceptors (Fang et al., 2002; Djouhri et al.,
2003b).Nav1.9 probably contributes to longAPdurations typical
of slowly conducting nociceptors (Herzog et al., 2001; Fang et al.,
2002); Nav1.8 has been associated with somatic AP amplitude
and long AP duration in A-fiber nociceptors (Renganathan et al.,
2001; Djouhri et al., 2003b; Fang et al., 2005a).
We therefore determined in 120 rat lumbar DRG neurons
physiologically characterized in vivo: whether (1) all IB4 neu-
rons are nociceptive; (2) any A-fiber nociceptors are IB4;
(3) C-fiber neuron electrophysiological properties differ in rela-
tion to IB4 binding; (4) Nav1.8 and/or Nav1.9 immunoreactivi-
ties differ between IB4 and IB4C-fiber neurons; and (5) pro-
portions and properties of neurons that are both IB4 and
trkA.
Materials andMethods
Experimental procedures complied throughout with Home Office
guidelines (United Kingdom). Details of experimental methods have
been described previously (Fang et al., 2002, 2005c).
Young female adult Wistar rats (7 weeks of age, 160–180 g) were
deeply anesthetized initially with sodiumpentobarbitone (70–80mg/kg,
i.p.) and maintained areflexic with supplementary doses (10 mg/kg)
throughout the experiments. Cannulation of the left external jugular vein
and carotid artery allowed supplementary anesthetic at regular intervals
and blood pressure monitoring. Animals were intubated and artificially
ventilated, and end-tidal CO2wasmonitored throughout. After laminec-
tomy, the left L3–L6 DRGs were exposed, and a liquid paraffin pool was
constructed using silicone dental impression paste Xantopren VL Plus
(Heraeus Kulzer, Hanau, Germany). The temperature around the DRGs
was monitored and maintained between 28.5 and 32°C throughout. The
dura over the spinal cord was opened, and the dorsal root of the DRG
under examination was cut, close to its entry to the spinal cord, and
placed over a pair of platinum stimulating electrodes. Before recording,
the left leg was extended. The dorsal surface of the foot was glued down-
ward to a platformwith Loctite super glue (Henkel, Dublin, UK), leaving
the back of the leg and the plantar surface of the foot facing upward. The
dorsal (downward) surface of the foot was therefore not available for
stimulation.
Intracellular recording. To improve recording stability, a muscle relax-
ant, pancuronium bromide (0.6 mg/kg, i.v.) accompanied by anesthetic
(10mg/kg, i.v.) was administered just before recording; the same doses of
muscle relaxant and anesthetic were given together at regular intervals
(1 h) throughout recording (usually 3 h). Intracellular voltage re-
cordings fromDRG neuronal somata were made with sharp glass micro-
electrodes filled with a fluorescent dye. The fluorescent dyes were: 50
mg/ml Lucifer yellow CH (Sigma, St. Louis, MO) in 0.1 M LiCl, 6 mg/ml
ethidium bromide (Sigma) in 1 M KCl, 3% cascade blue (Invitrogen,
Eugene, OR) in 0.1 M LiCl. The microelectrode was advanced in 1 m
steps, and cell penetration was often made by a brief high-frequency
pulse of current, although such pulses were used minimally to avoid dye
leakage, especially when the electrode contained ethidium bromide
(Lawson et al., 1997). When a resting membrane potential (Em) was
obtained, electrical stimulation was applied to the dorsal root with single
rectangular pulses (duration, 0.03 ms for A-fiber neurons or 0.3 ms for
C-fiber neurons). The stimulation voltage was 1–2 times the threshold
for evoking a somatic AP. These APs were recorded online with a CED
1401 plus interface (Cambridge Electronic Design, Cambridge, UK) and
the SIGAV program (Cambridge Electronic Design).
Spontaneous activities. Before the receptive field was stimulated (see
below), the presence of any spontaneous/ongoing activities was recorded
usually for 1–2 min. Even 1 nonevoked AP during this time would be
classed as spontaneous firing.
Conduction velocity.CVwas determined by division of the conduction
distance between the neuron in the DRG and the cathode (in these ex-
periments: range, 3.6–14.2 mm; mean, 7.7  2.1 mm) by the latency
to the onset of the somatic AP of that neuron as described previously
(Djouhri and Lawson, 2001). Utilization time was not taken into ac-
count. The dorsal root fiber CV of each neuron was classified as C (0.8
m/s), C/A (0.8–1.5 m/s, included with A neurons unless stated other-
wise), A (1.5–6.5 m/s), or A/ (6.5 m/s), using class boundaries
determined previously by compound action potential recordings in rats
of the same sex and weight as the experimental animals in this paper
(Fang et al., 2002).
Identification of sensory properties. Details of methods used to identify
sensory receptive properties were described previously (Fang et al.,
2005c). In brief, hand-held stimulation was applied to the left hindlimb
and flank. Initially, non-noxious natural stimuli, including light touch,
brushing, tapping, stretching, and light pressure, were applied to the
accessible surfaces of the left hindlimb. Neurons responding to these
non-noxious mechanical stimuli were classified as low-threshold mech-
anoreceptive (LTM) units as follows. Fast conducting (A/-fiber) units
include the following: glabrous rapidly adapting (RA), slowly adapting
(SA), guard hair or field units with cutaneous receptive fields (G/F) and
muscle spindle (MS) units. Slowly conducting LTM units include the
following: A-fiber down hair (D hair) units (A-LTMs) and C-fiber
mechanoreceptor (C-LTM) units.
If neurons failed to respond to these innocuous stimuli, noxious stim-
uli were applied, including high-intensity mechanical stimulation
(pricking, pinching, or strong pressure with needle or fine forceps for
superficial cutaneous tissue or coarse toothed forceps for deeper cutane-
ous and subcutaneous tissues) and noxious thermal stimulation (cooling
by a brief localized spray of ethyl chloride and/or noxious heating with
hot water 50°C). Neurons that responded only to the above noxious
mechanical and/or thermal stimuli were called nociceptors. These units
included high-threshold mechanoreceptors (HTMs), polymodal,
mechano-heat, and mechano-cold units (see below).
Nociceptive units that responded tomechanical stimuli were classified
into three subgroups according to depth of their receptive field: superfi-
cial (probably epidermal or at the border of epidermis and dermis),
dermal, or subcutaneous as follows. Units that responded to needle pres-
sure and pinch of only superficial tissueswith fine forcepswere defined as
having superficial receptive fields. Units that failed to respond to this
stimulation of superficial tissues but responded to squeeze of a fold of
skin tissue including dermis were classified as having dermal receptive
fields. Units that failed to respond to both the above superficial and
dermal stimuli but responded to squeeze across the foot or whole leg, or
pressure to deeper tissues including deep fascia, muscle, and associated
connective tissue and periosteum were defined as having subcutaneous
receptive fields. A-fiber nociceptors with dermal or subcutaneous recep-
tive fields were pooled and categorized as deep.
Nociceptive units that responded to noxious mechanical stimuli were
classified as HTM units if they had either (1) superficial receptive fields
but failed to respond to noxious thermal stimuli or (2) dermal or subcu-
taneous receptive fields andwere not testedwith noxious thermal stimuli
because of difficulty of adequate penetration of thermal stimuli to the
terminals of these units. A-fiber HTM units included moderate pressure
units (Burgess and Perl, 1967; Fang et al., 2005c).
The heat stimulus used in this study was a noxious heat stimulus. This
was a single brief (a few seconds) application to the skin of hot water
50°C in temperature, applied through a 20 ml syringe with no needle
attached. C-fiber units that responded promptly to heat as well as to
noxious mechanical stimuli were classified as C-polymodal neurons if
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their receptive fields were superficial in skin tissues or as C-mechano-
heat neurons if they had dermal receptive fields. Using this stimulus, we
find that very few A-nociceptors respond to this heat stimulus; presum-
ably, their heat thresholds are rarely reached by this stimulus. Because
such units were not dye injected, they could not be included in the
present study. C- and A-fiber mechano-cold neurons responded to both
noxious mechanical and to noxious cooling stimuli.
Unresponsive neurons did not respond to any of the above stimuli.
C-fiber unresponsive neurons recorded in this preparation have electro-
physiological properties that are similar to C-nociceptive neurons and
very different from those of C-LTMs both in guinea pig (Djouhri et al.,
1998) and rat (Fang et al., 2005c). Their immunocytochemical properties
(Nav1.8, Nav1.9, and trkA immunoreactivities) are also similar to
C-nociceptors in rat (Fang et al., 2002, 2005a;Djouhri et al., 2003b). They
are therefore likely to be nociceptive units with very high thresholds,
sometimes called “silent nociceptors,” although they may include a few
units with inaccessible receptive fields [see above; also for discussion see
Djouhri et al. (1998) and Fang et al. (2005c)]. Therefore, in this paper we
use the term C-nociceptor type to include C-unresponsive neurons (n
14) and C-fiber nociceptive neurons (n  18). There were 33 A-fiber
nociceptive neurons (A, n  12; A/, n  21). We excluded A-fiber
unresponsive neurons (unless specifically stated) from the analyses be-
cause the electrophysiological properties of some were similar to A-fiber
LTMs, whereas those of others were similar to A-fiber nociceptors (Fang
et al., 2005c); these unresponsive units may have had deep or otherwise
inaccessible receptive fields (see above).
Neuronal labeling. Themethods for labeling an identified DRG neuro-
nal soma have been described in detail previously (Fang et al., 2002). In
brief, after completion of electrophysiological recordings and character-
ization of sensory receptive properties, the neuron was electrophoreti-
cally injected with fluorescent dye from the recording electrode by rect-
angular current pulses (1.0–1.3 nA for 500 ms at 1 Hz) for periods of up
to 15 min for A-fiber neurons and 8 min for C-fiber neurons. Lucifer
yellow and cascade bluewere ejectedwith negative current, and ethidium
bromide was ejected with positive current. All but 11 neurons were re-
corded in L5 DRGs. In these 2-mm-long DRGs, usually five neurons
per DRG were dye injected. These were spaced approximately equally
longitudinally along the DRG as follows. Lucifer yellow was injected into
one neuron at the proximal end, one distal, and one neuron in the mi-
dregion, and ethidiumbromidewas injected into twoneurons, one prox-
imal andone distal to themiddle Lucifer yellow-injected neuron. In some
ganglia, a neuron lateral to the Lucifer yellow-injected neuron was in-
jected with cascade blue.
At the end of the experiment, the animal was given an additional dose
of anesthetic, and a transcardiac perfusion was made with normal saline
followed by Zamboni’s fixative. DRGs were removed, further fixed for
1 h, and then stored overnight in 30% sucrose buffer at 4°C. Serial 7-m-
thick cryostat sections were cut and scanned for the presence of dye-
labeled neuronal profiles. A Hamamatsu (Hamamatsu City, Japan) dig-
ital camera was used to capture images of dye-labeled neurons. Slides
were stored at20°C until immunocytochemistry was performed.
Precautions described previously (Lawson et al., 1997) were taken to
avoid any problems and pitfalls associated with identification of dye-
injected cells attributable to possible occasional dye leakage. In addition,
after dye injection, the receptive field and somatic AP shape were re-
examined to ensure that the electrode tip remained in the same neuron.
Neurons were rejected if, during subsequent histological examination,
the position and depth of each dye-labeled neuron relocated within the
DRG did not match closely with records made during intracellular re-
cording, if more than one cell was labeled with any one dye in that region
of the DRG, or if the fluorescent dye labeling of the neuronal soma was
very weak (Lawson et al., 1997).
Immunocytochemistry. For immunostaining of IB4 binding, after
blocking endogenous peroxidase and biotin-like activity with 2% H2O2
and an avidin–biotin blocking kit (Vector Laboratories, Peterborough,
UK), respectively, sections were incubated for 1 h with unconjugated IB4
lectin (2.5g/ml; catalog #L-1104; Vector Laboratories) in PBS, followed
by incubationwith primary polyclonal antibodymade in goat against IB4
(1:8000, catalog #AS-2104; Vector Laboratories) for 48 h at 4°C. Sections
were then incubated for 30 min at room temperature with secondary
antibody: horse anti-goat Ig (Vector Laboratories) at 1:200. ABC re-
agents (Vector Laboratories) were applied at room temperature for 30
min followed by a DAB color reaction (Vector Laboratories). Omission
either of primary antibody or of the IB4-binding step resulted in no
staining.
On separate sections of the same dye-injected neurons that were
stained for IB4 (above), ABC immunocytochemistrywas performedwith
fully characterized primary antibodies (see below) to demonstrate trkA-
like immunoreactivity (Fang et al., 2005a) and, where possible, Nav1.8-
like immunoreactivity (Djouhri et al., 2003b) and Nav1.9-like immuno-
reactivity (Fang et al., 2002). Only one antibody was tested on each
section. Polyclonal primary antibodies included the following: anti-trkA
(1:7500; a gift from L. F. Reichardt, University of California, San Fran-
cisco, CA); anti-Nav1.8 -subunit (1.7 103g/ml; from J. N.Wood,
Department of Biology University College, London, UK, and K. Okuse,
Faculty of Life Sciences, Imperial College, London, UK); anti-Nav1.9
-subunit (1.7 103g/ml; from S.G.Waxman). For characterization
of these antibodies, see the following: anti-trkA (Clary and Reichardt,
1994), anti-Nav1.9 (Fjell et al., 2000), and anti-Nav1.8 (Djouhri et al.,
2003b).
Image analysis.The semiquantitativemethods tomeasure immunocy-
tochemical reaction product intensities (immunointensity) for trkA
(Fang et al., 2005a), Nav1.8 (Djouhri et al., 2003b), and Nav1.9 (Fang et
al., 2002) have been described previously and are described below for IB4
binding. For each neuronal profile measured, the mean pixel density of
IB4 binding within the cytoplasm (excluding the nucleus), as well as the
cell cross-sectional area (including the nucleus), was determined with
image analysis using Digital Pixel software (Digital Pixel, Brighton, UK)
after image capture under standardized conditions with a digital camera
(Hamamatsu) through a Leica (Wetzlar, Germany) DMRBEmicroscope
under bright-field optics using a 40 objective.
The relative immunointensity of each dye-injected neuron was first
scored subjectively as 0 (negative) or 1–5 (positive, 5 being the score of
the most intensely stained profile in the section). It was then calculated
objectivelywith image analysis (see above) of pixel density as follows. The
0 and 100% immunointensity values for neurons in the same section as
the dye-injected neuron were calculated by averaging the cytoplasmic
pixel density of the three least intensely (0%, a) and three most intensely
stained cell profiles (100%, b); for each dye-injected neuron, the cyto-
plasmic pixel density (c) was used to determine its relative intensity (per-
centage of maximum) using the following equation: percentage relative
immunointensity (100 (c a)/(b a))%
Therefore, the relative immunointensity provides a measure of the
absorbance of light by the reaction product in the cytoplasm of each
dye-labeled cell, relative to that in the cytoplasmof other cells in the same
section.
It was necessary to determine whether dye injection had an effect on
IB4 binding or immunostaining and to determine the relationship be-
tween staining intensity of IB4 binding and soma size (cross-sectional
area) for all non-dye-injected DRG neurons (for comparison with that
for dye-injected neurons). For this, images of all sections at 280 m
intervals through ipsilateral L5 DRGs containing no dye-injected neu-
rons from three experimental rats were captured with the 40 objective.
A high-power montage was produced of each section. All neuronal pro-
files containing a nucleus in each section were measured using image
analysis as above. The relative intensity of the cytoplasm of each such
neuronal profile was derived, using the same equation as the above, by
comparing its cytoplasmic intensity with the mean cytoplasmic intensi-
ties of the five least intensely stained (0%) and the five most intensely
stained neurons (100%) in all sections from that DRG.
The terms intensity or immunointensity are used to indicate relative
staining intensity (percentage of maximum staining intensity) for IB4
binding, trkA, Nav1.8, and Nav1.9 immunoreactivities from this point.
The methods of determining the borderline of intensity for positive
and negative neurons have been described previously for trkA (Fang et
al., 2005a), Nav1.8 (Djouhri et al., 2003b), andNav1.9 (Fang et al., 2002).
As previously described for trkA, Nav1.8, and Nav1.9, intensities of IB4
binding were highly positively correlated with subjective scores (linear
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regression analysis, r 2 0.96, p 0.0001, n
126; data not shown). Neurons that were
judged as IB4 by the observer (subjective
score 1) consistently had intensities 20%,
whereas those scored as negative (subjective
score 1) consistently had intensities 20%.
Therefore, the borderline between IB4 and
IB4 in this study was taken as 20% intensity;
thus, IB4 neurons had intensities of 20%
and IB4 neurons had intensities of20%, al-
though even in these neurons, very low levels of
IB4 binding cannot be excluded. Based on the
distributions of data (see later), neurons were
classed as strongly IB4 if their intensity was
40% and weakly IB4 if their intensity was
20–40%.
Cell size.The largest cross-sectional area of all
of the sections of each dye-injected neuron was
taken as its profile size. The methods used to
determine size distributions of DRGneurons in
young female Wistar rats have been described
previously (Fang et al., 2005a). In brief, neurons
were divided into small, medium, and large
sizes as follows: neurons within the small cell
peak were called small (cross-sectional area up
to 400 m2; diameter, 23 m), those of 800
m2 area (diameter, 32 m) were called large
because this includes only the extreme right end
of the large light cell distribution (Lawson et al.,
1984), and those between 400 and 800m2 (di-
ameter, 23–32m), a size rangewhich included
most A-fiber neurons (Fang et al., 2002) (see
Fig. 1), were called medium sized. These values
relate to size distributions for DRGs in this
study but are not necessarily applicable to other
studies, because size distributions vary with
species, age, tissue processing, methods, etc.
Analyzed AP variables. Somatic AP variables
[Djouhri et al. (1998), their Fig. 1] were mea-
sured off-line with a script in the Spike II pro-
gram (Cambridge Electronic Design). These
variables were measured only in neurons with
Ems equal to or more negative than 40 mV.
AP overshoot and AP height were included in the
analysis for neurons that met the 40 mV Em
criterion above and that also had overshooting somatic APs, i.e., a positive
APovershoot.CVmeasureswere included fromall neurons regardless ofAP
amplitude and Em.
Possible sources of error or sampling bias. Intracellular penetrations and
stable recordings aremuch easier to achieve in large neurons, which tend
to have fast conducting fibers. The most commonly recorded neurons
were A/-fiber LTM neurons, and thus in order to concentrate on
nociceptors and slowly conducting LTMs, many A/-fiber LTM neu-
rons were rejected during recording. Furthermore, it took longer to en-
sure that unresponsive neurons really responded to none of the available
stimuli; because of the difficulty of maintaining stable recordings in
C-fiber neurons, a higher proportion of unresponsive C-fiber neurons
were lost before they were fully tested. For all of these reasons, the pro-
portions of different types of dye-labeled neurons (e.g., A-fiber neurons
compared with C-fiber neurons) do not represent their numerical distri-
bution within the DRG. However, the percentages of immunopositive
neurons within a particular group (e.g., C-fiber nociceptive units) are
considered representative for that group.
Statistics. Linear regression analysis (see Figs. 1, 3, 4, 6), and nonpara-
metric Mann–Whitney U test (see Figs. 2, 5) and Kruskal–Wallis tests
(see Fig. 2) were performed with GraphPad Prism 4 software (GraphPad
Software, San Diego, CA).
Abstracts containing some of the preliminary data from this study
were published previously (Fang et al., 2001, 2005b).
Results
Normal non-dye-injected DRG neurons
The overall relationship of soma size to IB4 staining intensity in
normal (non-dye-injected) DRG neurons shows that IB4 and
IB4 neurons have distinct distributions. The sizes of both IB4
and IB4 neurons appear normally distributed, with IB4 neu-
rons being small (400 m2), as reported previously (Wang et
al., 1994; Molliver et al., 1995), and IB4 neurons being small,
medium, and large sized (Fig. 1A,B). Most (89%; 662 of 741)
small neurons were IB4 (intensity20%); indeed 81% (597 of
741) were strongly IB4 (intensity 40%). This differs from
trkA staining, because many medium-sized and some large neu-
rons are trkA (Fang et al., 2005a). Interestingly, the size distri-
bution of IB4 neurons closely mimics that of the “small dark”
neurofilament-poor neurons that have C-fibers (Fig. 1B, inset b),
whereas the IB4 neuronal size distribution has a larger mean
size and a broader size range (Fig. 1B, inset a), similar to that of
“large light” or neurofilament-rich DRG neurons that have
A-fibers (Lawson et al., 1984; Lawson andWaddell, 1991). These
size distributions are thus consistent with a report that only 3%of
DRG neurons were both neurofilament-rich and IB4 in rat
(Wang et al., 1994). Of the normal neuronal profiles, 64% (683 of
Figure 1. IB4 intensity versus cell size. A–D, Staining intensity of IB4 binding versus cell size in control (non-dye-injected) (A,
B) and dye-injected, identified (C,D) DRG neurons. A, B, All neuronal profiles with visible nuclei in sections of three L5 DRGs (one
fromeach of three rats)weremeasured. Relative intensity of IB4 binding is plotted against soma size (A; cross-sectional area) and
as size distribution histograms (B). B, Cross-hatched histograms of all neurons are superimposed by gray histograms of all IB4
neurons (intensity20%), and superimposed in black are histograms of strongly IB4 neurons (intensity40%). The inset
histogram a shows all IB4 (intensity20%), and histogram b replicates the gray histogram in B to show all IB4 (intensity
20%) neurons for ease of comparison with a. C, D, Relative intensity of IB4 binding versus cell size in dye-injected, physiolog-
ically identified neurons is shown, with overall layout similar to A and B. C, Nociceptors are indicated with filled circles and LTMs
with open circles. NOC, Nociceptive neurons; CUNR, C-fiber unresponsive neurons;ve, positive; -ve, negative. D, Neurons are
subdivided according to their dorsal root CVs. Histogram shading inD is as forB. C, Therewas a significant correlation between the
cross-sectional area and IB4-binding intensity in all dye-injected neurons studied (n 64, A/ unresponsive excluded; p
0.0001; r 2 0.37) as well as in all nociceptor-type units (n 38; p 0.0005; r 2 0.29) and all LTMs (n 26, p 0.01,
r 2 0.27). Vertical dotted lines indicate boundaries between small, medium, and large neurons. Horizontal dotted lines in A and C
indicate 20 and40%borderlines betweennegative (20%),weakly positive (20–40%), and strongly positive (40%)neurons.
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1059) were IB4, and 60% (638/1059) were strongly IB4.
These values are similar to previously reported percentages of
lumbarDRGneurons that are IB4 as follows: 51% (Wang et al.,
1994), 67% (Molliver et al., 1995), and 64% (Kashiba et al., 2001).
They are also similar to the percentages of neuronal profiles that
are neurofilament-poor (60%) or small dark neurons (64%)
(Lawson et al., 1984). All of these findings suggest that (1) IB4
may be amarker for most or all of the small dark, neurofilament-
poor neuronal population, and therefore that (2) IB4 neurons
have C-fibers and (3) that most IB4 neurons have A-fibers.
IB4 binding in identified DRG neurons
In total, 126 neurons were successfully injected with fluorescent
dye, appropriately located and immunostained for IB4 binding.
These included 68 neurons labeled with Lucifer yellow, 44 with
ethidium bromide, and 14 with cascade blue. Of these, 115 were
in L5, 6 in L6, 4 in L4, and 1 in L3 DRGs. They included 51
nociceptors, 52 LTMs, and 23 unresponsive units. The LTMs
included 2C-LTMs, 6 A-LTMs, and 44A/ units, including 16
G/F, 11 MS afferents, 14 RA glabrous units, and 3 SA units. In 64
of these 126 neurons, the largest of all of the sections through the
neuron was measured as an estimate of cell size; in the rest, the
largest section was not available, and cell size was not measured.
Comparison of Figure 1A and C shows that recording and dye
injection (Fig. 1C) did not discernibly alter the relationship be-
tween cell size and IB4 binding, although the proportion of small
neurons that was IB4 was higher in the dye-injected popula-
tion. The reason for this is unclear, but it may indicate that some
of the smallest neurons that are strongly IB4 may have been
underrepresented in the physiological recordings because of
greater ease of recording from larger neurons. In addition, recep-
tive fields of some of our dye-injected neurons may have been in
muscle, and very few muscle afferents are reported to be IB4
(Plenderleith and Snow, 1993; Thornton et al., 2005). Compari-
son of Figure 1B (not dye injected) and D (dye injected) shows
similar size distributions, with all strongly IB4 neurons having
small somata and C-fibers (Fig. 1D) and most medium sized
IB4 neurons having C-fibers, although two A-fiber neurons
were also weakly IB4.
C-fiber nociceptive neurons
Most (72%) C-fiber nociceptors and most (71%) C-unresponsive
units were IB4 (intensity20%). There was no difference in the
median intensities of C-nociceptive and C-unresponsive neurons,
and they were combined into C-nociceptor-type neurons. Approx-
imately half of C-nociceptor-type units (55% C-nociceptors and
50% C-unresponsive units) were strongly IB4 (intensity 40%)
(Fig. 2A, Table 1), for example, see Figure 2C. Nearly one-third
of C-nociceptor-type units (28% C-nociceptors and 29%
C-unresponsiveunits)were IB4. C-unresponsiveneurons fell into
two groups, with no neurons having IB4 intensities between 40 and
70%. All strongly IB4 neurons were C-nociceptor type (Fig. 2A).
A-nociceptors (n 12) and A/-nociceptors (n 21, including
five moderate pressure units) were all IB4 (Figs. 2A, 3C, Table 1).
Themedian intensity of C-nociceptor-type neurons (45%) was sig-
nificantly greater than that of all A/-LTMs (0.4%), A-nocicep-
tors (5.7%), andA/-nociceptors (3.6%) (Fig. 2A). An example of
an A-nociceptor that was IB4 is shown in Figure 3C. The only
C/A unit was unresponsive and IB4.
The IB4 intensities of different subgroups of C-nociceptor-
type units are illustrated in Figure 2B. There were too few in each
subgroup for statistical analysis. However, all heat responsive
units (1 of 1 C-mechano-heat and 3 of 3 C-polymodal) were
IB4, but only 1 of 3 C-mechano-cold units was IB4 but only
weakly so, which may indicate a greater tendency for heat rather
than cold responsive nociceptors to be strongly IB4. The me-
dian IB4 intensitywas 81% for the three heat-responsive and 14%
for the three C-mechano-cold units, but these were not signifi-
cantly different because of the small numbers of neurons ( p 
0.11, Mann–Whitney U test). Similar proportions (Fig. 2B) of
superficial (4 of 6) and dermal plus deep units (9 of 12) were
positive, and their median intensities (35 and 47%) respectively
were not significantly different.
C-fiber neurons with ongoing/spontaneous firing
None of the C-unresponsive units showed ongoing/spontaneous
activity, nor did the two C-LTMs. In contrast, six nociceptive
units showed ongoing firing. These are indicated by open circles
around the data points on Figure 2B. Themedian intensities of all
Figure 2. A, Intensity of IB4 binding in relation to sensory properties and CV. Medians are
shown with fine horizontal lines. A-fiber unresponsive units are excluded. NOC, Nociceptive
neurons; UNR, C-fiber unresponsive neurons; LTM, low-threshold mechanoreceptive neurons;
F/G, field or guard hair neurons; RA, rapidly adapting LTM neurons; SA, slowly adapting LTMs;
MS,muscle spindle afferents;ve, positive; -ve, negative. The dotted lines from the y-axis are
as described for Figure 1. Horizontal lines above the columns indicate statistical tests (dotted,
Wilcoxon ranking test; solid, Kruskal–Wallis test) between column medians. There was no
significant difference between the C-nociceptive and C-unresponsive groups or between the
four A/-LTM groups (Kruskal–Wallis test). These were therefore combined to create
C-nociceptor-type and A/-LTM groups, respectively. C-nociceptor-type units were com-
pared using a Kruskal–Wallis test with all other groups except C-LTM (too few data). Levels of
significance are shown above the lines linking appropriate groups: ns, not significant; *p
0.05; **p0.01; ***p0.001.B, The inset shows thedata for C-fibernociceptorsdivided into
subgroups defined by receptive properties and receptive field depth in the tissues. MC,
C-mechano-cold; PM, C-polymodal; MH, C-mechano-heat; Sup, superficial; Derm, dermal; Sub,
subcutaneous. Open circles around data points indicate which units showed spontaneous
(Spont)/ongoing firing. C, An example of a dye-injected C-fiber unresponsive nociceptor-type
neuron (top) and the same neuron after immunocytochemistry show strong IB4-binding
intensity.
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C-nociceptors with ongoing firing com-
pared with those without, had (not signifi-
cantly) lower IB4 intensity (median 28%,
n6, comparedwith50%,n12); the trkA
intensity did not differ significantly between
thesegroups (median54%,n5, compared
with 48%, n 8; data not shown).Of the six
C-nociceptors with superficial receptive
fields (all ofwhichweremechanical nocicep-
tors also responsive to cold and/or heat), the
three with the lowest IB4 staining (median
14.5%, n  3) showed ongoing firing,
whereas the rest did not (median IB4 stain-
ing 77%, n 3). Of the units with ongoing
firing, the two with the lowest IB4 intensity
wereC-mechano-coldunits. Comparisonof
cutaneous (superficial plus dermal)
C-nociceptors shows that cutaneous C-fiber
units with ongoing firing had significantly
lower median IB4 staining (19%, n  4 vs
61%, n  8; p  0.028). More data are
needed to determine whether the more hy-
perpolarized Ems of strongly IB4 neurons
might reduce the likelihood of ongoing/spon-
taneous firing in cutaneousC-nociceptors.
LTM neurons
The only two C-LTMs and all A/-LTM
units (n  44) were IB4 (Fig. 2A). Sur-
prisingly, three of six A-LTM (D hair)
units were weakly IB4 with intensities
just 40% (Fig. 2A), although the rest
were negative. An example of a weakly
positive D-hair unit is shown in Figure 3C.
The median IB4 intensity for A-LTM
units (28%, n  6), was significantly
higher than that for A-nociceptors (me-
dian 6%,n 12, p 0.05,Mann–Whitney
U test) (Fig. 2A) and than that for all A/
-fiber LTM neurons (median 0.4%, n 
44, p 0.001, Kruskal–Wallis) (Fig. 2A).
Colocalization of trkA and IB4 binding
in identified neurons
For the two neuronal subgroups that in-
cluded IB4 neurons, namely C-fiber
Figure 3. TrkA and IB4 colocalization in identified DRG neurons. Immunoreactivity for trkA and IB4 binding measured on
different sections through the same dye-injected neurons. A, B, The relationship between relative intensity of IB4-binding
( y-axis) and trkA (x-axis) immunoreactivity ondifferent sections of the sameC-fiber neurons (A) andA-LTMunits (B). Fromeach
axis, the solid lines indicate the 20% (positive/negative) borderline and the dotted lines indicate the 40% (weakly positive/
strongly positive) borderline. For all C-fiber neurons positive (20%) for both (5 nociceptive and3unresponsive units), therewas
a significant negative linear correlation between the relative intensity of the two markers ( p 0.05; r 2 0.62; n 8).ve,
positive; -ve, negative. C, Photomicrographs of three representative neurons to show IB4 binding and trkA staining on two
different sections. Arrows indicate dye-injected profiles before immunocytochemistry (columns 1 and 3) and after immunocyto-
chemistry (columns 2 and 4). Sensory receptive properties and conduction velocity are given on column 1 image; percentage
relative staining intensity is also shown (columns 2 and 4). The scale bar (top left image) applies to all photomicrographs. MC,
C-mechano-cold; NOC, nociceptive; HTM, high threshold mechanoreceptor.
Table 1. Median IB4 intensities and percentages of neuronal groups with IB4 binding
CV Sensory receptor type
All cells Relative immunointensity IB4weak (20–40%) IB4 strong ( 40%) Total IB4 ( 20%)
N Median % N % cells n % cells N % cells
C NOCI 18 45 3 17 10 55 13 72
UNR 14 55 3 21 7 50 10 71
LTM 2 7 0 0 0 0
Total 34 42 6 18 17 50 23 68
A NOCI 12 5.7 0 0 0 0 0 0
LTM 6 28 3 50 0 0 3 50
Total 18 9 3 17 0 0 3 17
A/ NOCI 21 4 0 0 0 0 0 0
LTM 44 0.4 0 0 0 0 0 0
Total 65 1.6 0 0 0 0 0 0
Median immunointensity in all neurons is shown regardless ofwhether theywere IB4 or IB4 (column 3). Numbers and percentages of neurons in different groups, defined by CV and sensory properties (columns 1 and 2), which showed
weak positive (20–40%) or strongly positive (40%) or all positive (20%) immunostaining for IB4 binding are shown.
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neurons and A-LTMs, linear regression analysis was performed
between IB4 and trkA intensities measured on different sections
of the same identified dye-injected neurons (Fig. 3A,B). Exam-
ples of neurons stained for both are in Figure 3C.
C-fiber neurons
Of 23 C-fiber units tested for both trkA and IB4, 12 were noci-
ceptors, 9 were unresponsive, and 2 were LTMs. A C-mechano-
cold nociceptor that was IB4 and trkA is illustrated in Figure
3C. Of these 23 units, 26% (6) were IB4 but trkA (3 nocicep-
tive and 3 unresponsive units); 35% (8) were IB4 but trkA (4
nociceptive, 3 unresponsive, and 1 LTM); 35% (8) were both
IB4 and trkA (5 nociceptive and 3 unresponsive units), and
4% (1 C-LTM unit) was negative for both. Considering only
C-nociceptor type neurons, 38% were IB4/trkA, 33% were
IB4/trkA, and 29% were IB4/trkA. There was a negative
linear correlation between trkA and IB4 intensities ( p  0.05,
r2 0.67) (Fig. 3A) for the 8 units thatwere positive for both (Fig.
3A, top right quadrant). There was no obvious difference in the
distribution of data for nociceptive and unresponsive neurons on
this graph.
A-LTMs
In contrast, there was no correlation between staining intensities
of IB4 and trkAwithin the five A-LTM (Dhair) units stained for
both (Fig. 3B). A D-hair unit that was weakly positive for both
trkA and IB4 is shown in Figure 3C.
IB4 binding and dorsal root CV
All strongly IB4 neurons had C-fiber CVs, whereas weakly
IB4 neurons had either C- or A-fiber CVs (D-hair LTM neu-
rons) (Figs. 2, 4). There was no linear correlation between IB4
intensity and dorsal root CV in C-fiber units (whether all, noci-
ceptive or unresponsive were considered) (Fig. 4), although the
faster conducting C-fiber units were mainly IB4 or weakly pos-
itive. However, because of the weak positive labeling in some
D-hair neurons, there was a negative correlation for A-fiber
LTMs and as a consequence also for all A-fiber units, but not for
A-fiber nociceptors, which were all negative (Fig. 4).
Electrophysiological differences between IB4 and IB4
C-fiber neurons
Examination of cultured small DRG neurons ofmouse show that
IB4 neurons have longer AP durations than IB4 neurons
(Stucky and Lewin, 1999; Wu and Pan, 2004). However, without
CV measurements, it was not possible to exclude the possibility
that inclusion of small A-fiber neurons in the IB4 group might
have contributed to this observation (see Introduction). To de-
termine whether such differences would be seen if only C-fiber
DRGneuronswere studied andwhether any differenceswould be
detectable in vivo and in rat, we compared medians of AP vari-
ables of IB4 and IB4 C-fiber neurons using the Mann–Whit-
ney U test. Of the 17 C-fiber neurons with APs that met the
criteria for AP analysis and were examined for IB4 staining (see
Materials and Methods), 12 were IB4 (7 nociceptive and 5 un-
responsive neurons), all 12 of which had inflections (humps) on
the AP falling phase. The other five were IB4 (two LTMs, two
nociceptive, and one unresponsive neuron). The only IB4 neuron
with an inflection on the falling phase was the C-unresponsive
neuron.
The IB4 neurons had significantly longer AP duration at
base than the IB4 neurons ( p 0.05) (Fig. 5A–C, Table 2) but
only if the C-LTMs were included. The differences were more
highly significant for AP rise time, with IB4 nociceptor-type
units having significantly longer AP rise times than IB4 neu-
rons regardless of whether C-LTMs were included ( p 0.01) or
excluded ( p  0.05) (Fig. 5D, Table 2). Both of these variables
were correlatedwith IB4 intensity (Fig. 6A,B). TheAPmaximum
rate of rise, however, was not significantly different between
IB4 and IB4 neurons, nor was it significantly correlated with
IB4 intensity for all C-neurons or C-nociceptor-type neurons.
Although the 6 unitswithAP fall times4mswere all IB4 (data
not shown), the difference between the median AP fall times of
IB4 and IB4 subgroups did not quite reach significance ( p
0.0512) (Table 2). Similarly, the linear regression for AP fall time
with IB4 intensity did not quite reach significance ( p 0.1; data
not shown). Neither AP height nor AP overshoot (data not
shown) showed a significant difference between IB4 and IB4
C-fiber neurons. AP height was, however, correlated with IB4
Figure 4. IB4 intensity versus CV. Relationship between IB4-binding immunointensity and
CV in identified DRG neurons. IB4 staining for C- (0.8 m/s) and A- (1.5 m/s) fiber neurons
are shown separately. A-fiber unresponsive units are excluded. The vertical dotted lines from
the x-axis indicate the upper border of CV for C-fibers (0.8 ms), C/A- (1.5 m/s), and A-fibers
(6.5 m/s). Regression lines, p values, and r 2 values are given for significant linear correlations.
The dotted lines from the y-axis and symbols are as in Figure 2. NOC, Nociceptive neurons; LTM,
low-threshold mechanoreceptive; C UNR, C-fiber unresponsive neurons;ve, positive; -ve,
negative.
Table 2. Electrophysiological properties of IB4 and IB4 C-fiber neurons
Types IB4
CV Em Action potential Nav1.9 Nav1.8
n m/s n mV n Base (ms) RT (ms) FT (ms) Ht (mV) Over (mV) n % rel intens n % rel intens
All  24 0.39 13 57.9 12 6.5 2.1 4.01 77 21 13 71 12 46
 11 0.52* 10 47.6* 5 3* 1.04** 1.92† 61 6.4 7 17* 7 49
LTMs  2 0.48 2 47.6 2 1.4 0.67 0.72 52 4.5 1 19 1 31
Noci type  24 0.39 13 57.9 12 6.5 2.1 4.01 77 21 13 71 12 46
 9 0.59* 8 47.9† 3 3.5 1.35* 2.18 79 29 6 17* 6 50
Median values for IB4 and IB4 C-fiber neurons for CV, Em, and AP variables. AP variables included base (AP duration at base), RT (rise time), FT (fall time), Ht (AP height), and Over (AP overshoot). The values for All IB4 and for
C-nociceptor-type IB4neurons are the same, because all IB4 C-fiber neuronswere nociceptor type. Emswere included only if theyweremore negative than or equal to40mV. AP variable valueswere fromneuronswith Emof at least
40mV and an overshooting AP. Statistical tests wereMann–Whitney U tests between all IB4 and all IB4 neurons (asterisks in All IB4 row) and between IB4 and IB4 C-nociceptor-type neurons (asterisks in C-nociceptor type
IB4 row). *p 0.05; **p 0.01; †p 0.05–0.1. rel intens, Relative intensity. For distribution of values, see Fig. 5.
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intensity (Fig. 6C), although AP overshoot was not (data not
shown). The above tests were also performed on a larger group of
C-fiber neurons by including all units with Ems of at least 40
and AP height 35 mV and whose peak reached to 20 mV or
more positive. Similar patterns and significance levels were seen.
Because CV and AP rise time are closely related (Fang et al.,
2005), it was not surprising that IB4 C-nociceptor-type units
had a significantly slower median CV than IB4 C-fiber units
regardless of whether C-LTMswere included ( p 0.05) (Fig. 5E,
Table 2). A tendency for faster conducting C-fiber neurons to
show lower IB4 intensities can be seen in Figure 4.
Unexpectedly, IB4 nociceptor-type neurons had a median
Em that was10 mV more negative than that of the IB4 neu-
rons including LTMs, a difference that became significant if the
LTMswere included in the IB4 group ( p 0.05) (Table 2) (Fig.
5F). A similar observation has recently been made for IB4 and
IB4 isolated neurons in vitro (J. S. Choi, S. D. Dib-Hajj, and
S. G. Waxman, unpublished observations). Furthermore, Em
and IB4 intensity were positively correlated (Fig. 6D), that is,
neurons with higher IB4 intensity had more negative Ems. For
these neurons, there was also a positive correlation (data not
shown) betweenAP height and Em ( p 0.01; r2 0.43; n 17);
thus, the correlation between IB4 and AP height may have re-
sulted from the more negative Ems of neurons with greater IB4
intensity. This view is supported by the lack of correlation of AP
overshoot with IB4 intensity. Therefore, the correlation between
AP height and IB4 staining [also reported by Stucky and Lewin
(1999)]may be primarily attributable to the unexpected relation-
ship between IB4 intensity and Em.
Nav1.8 and Nav1.9 in IB4 and IB4 C-fiber neurons
To determine whether Nav1.8 or Nav1.9 expression might con-
tribute to the distinct somatic AP properties and lower CVs in
C-fiber IB4 nociceptor-type units, we investigated the immu-
nostaining of these subunits on different sections of the same
identified C-fiber neurons. There was a significantly higher me-
dian Nav1.9 intensity in IB4 (71%) than IB4 C-fiber units
(17%) regardless of whether the C-LTM (19% intensity) was in-
cluded or excluded (Fig. 5G, Table 2). This suggested a possible
correlation between IB4 intensity and Nav1.9 intensity. This
proved to be the case, because IB4 intensities were positively
correlated with Nav1.9 intensities (Fig. 6E), but not Nav1.8 in-
tensities (Fig. 6F), in C-fiber neurons. No such differences ex-
isted for Nav1.8 intensity in the same subgroups, and no such
correlation was seen between IB4 and Nav1.8 intensities (Figs.
5H, 6F, Table 2).
The above findings taken with previous studies (see Discus-
sion) suggest that the elevated Nav1.9 levels in IB4 neurons
may contribute to the greater AP durations and longer AP rise
times (and thus slower CVs) in the IB4C-fiber neurons seen in
Figure 5.
4
H ) between IB4 and IB4 C-fiber neurons (CV,0.8m/s). C, AP duration at base;D, AP rise
time; E, CV; F, Em;G, Nav1.9 relative intensity;H, Nav1.8 relative intensity. AP duration at base
(APdurn. base;C) andAP rise time (D) are plottedonly in neuronswith overshooting somatic AP
and membrane potential more negative than, or equal to,40 mV. Mann–Whitney U tests
wereperformed to compare themedianvalues of eachplotted variablebetweenall of the IB4
(C-fiber-nociceptor type, nociceptive and unresponsive) units and all of the IB4 units to-
gether (nociceptor type plus C-LTM) or all C-fiber IB4 nociceptor-type units. Where a signif-
icance was found, asterisks indicate significance levels: *p 0.05, **p 0.01. Open symbols
indicate C-LTMs; solid symbols indicate C-fiber nociceptor-type units. LTM, Low-threshold
mechanoreceptors; NOC, C-nociceptor-type neurons.
Figure 5. Electrophysiology and Na channel expression in IB4 and IB4 C-fiber neu-
rons. A, B, Examples of typical somatic APs evoked by dorsal root stimulation in an IB4
C-nociceptor (A), and an IB4 C-nociceptor (B). derm, Dermal. C–H, Comparison of electro-
physiological properties (C–F ) and relative intensities of two TTX-resistant Na channels (G,
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The more hyperpolarized Ems in IB4 C-fiber neurons are
harder to explain. Previous studies (Herzog et al., 2001; Baker et
al., 2003) of isolated DRG neurons suggest that activation of
Nav1.9 should result in depolarization of the membrane. In con-
trast to this expectation, there was a significant correlation be-
tween Nav1.9 intensity and Em if neurons with Em equal to or
more negative than45mVwere examined ( p 0.05; r2 0.36;
n  12, including nine unresponsive, two nociceptive, and two
LTM C-fiber neurons); if all neurons with Ems equal to or more
negative than40mVwere included, the trend persisted but the
correlation was significant only for the seven C-unresponsive
units ( p 0.05; r2 0.46). The correlation of Em with IB4 may
therefore result from the higher expression of Nav1.9 in more
intensely IB4 neurons, although the
mechanism by which Nav1.9 leads to hy-
perpolarization is not yet understood (see
Discussion). However, it is also possible
that Em in these neurons may be influ-
enced by a molecule(s) other than Nav1.9,
perhaps one that is also regulated by
GDNF and/or related to IB4 expression.
Discussion
In rat lumbarDRGs in vivo, (1) intense IB4
binding was exclusively in C-nociceptor-
type neurons; (2) IB4 intensity was as great
in C-nociceptive as in C-unresponsive
neurons; (3) one-third of C-neurons were
IB4/trkA; (4) in C-nociceptor-type
neurons, IB4 neurons had slower CVs,
longer AP rise times, and higher Nav1.9
intensities than IB4 neurons; IB4 inten-
sity was correlated with rise time and
Nav1.9 intensity; and (5) all A-nociceptors
andA/-LTMswere IB4, but someA-
LTMs were weakly IB4.
IB4 binding in nociceptors
Our finding that most C-nociceptors are
IB4 confirms and extends that of Gerke
and Plenderleith (2001). That most
C-nociceptors responding to noxious heat
are strongly IB4 is interesting, but the
numbers are too small to draw conclusions.
The heat responsiveness of IB4 neurons
may result from their expression of GFR2
receptors (Bennett et al., 1998; Stucky et al.,
2002) and/or TRPV1 (Guo et al., 1999).
In contrast, our finding that no
A-nociceptors (0 of 33) in lumbar DRGs
are IB4 differs from the report by Gerke
and Plenderleith (2001) that 3 of 10
A-nociceptors in sacral DRGs were IB4.
However, their study was on sacral DRGs;
the IB4 intensity level required for neu-
rons to be classed as positive was not given,
and they did not report recording loca-
tions in the DRG of dye injections into
neurons or checking whether dye-labeled
neurons were correctly located, practices
we find essential to ensure no spuriously
labeled neurons are included in the data
set (Lawson et al., 1997).
IB4 binding in LTMDRG neurons
Our findings that all A/-LTM units were IB4 supports those
of Gerke and Plenderleith (2001). Our finding that three A-
LTMs were weakly IB4, whereas three were negative extends
their finding that two A-LTMs were IB4. Because IB4 neu-
rons express GDNF receptor components (see Introduction),
GDNF may influence IB4 D-hair units. Similarly, NGF may
influence those that are trkA (Fang et al., 2005a).
C-unresponsive neurons
The similarity in IB4 staining intensities in C-unresponsive and
C-nociceptive neurons is additional evidence of similarities (see
Figure 6. IB4 intensity versus electrophysiology and Na channel expression in C-neurons. A–D, IB4-binding intensity in
C-fiber DRGneurons in relation tomembrane properties.A, AP duration;B, AP rise time (RT); C, AP height;D, Em. E, F, IB4-binding
intensity plotted against Na channel expression. E, Nav1.9 intensity; F, Nav1.8 intensity. The criteria for accepting neurons for
AP variable analysis are as in Figure 5. NOC/NOCI, nociceptors; UNR, unresponsive; NOC-TYPE, nociceptors and unresponsive units
altogether. Where a significant linear correlation exists, regression lines, p values, and r 2 values are given for significant linear
correlations. The dotted lines from the y-axis and symbols are as in Figure 2.
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Materials and Methods) in properties of these neuronal groups
and supports our proposal thatmost/all C-unresponsive neurons
are “silent nociceptors” or nociceptorswith inaccessible receptive
fields.
trkA/IB4 C-fiber neurons
Only few DRG neurons were reported previously to be trkA/
IB4; for example, 5% of DRG neurons were trkA/IB4,
and 13% of trkA cells showed IB4 binding (Averill et al., 1995;
Molliver et al., 1995). The apparent contradiction from our find-
ing that 35% of C-neurons and 38% of C-nociceptor-type
neurons are IB4/trkAmay be explained as follows. First, our
percentages relate to C-neurons only, excluding the larger (very
visible) A-nociceptors that are mainly IB4/trkA (this study;
Fang et al., 2005a). Second, the negative correlation between IB4
intensities and trkA intensities in IB4/trkA C-neurons may
result in some being classed under visual inspection as positive
only for IB4 or for trkA. For example, if we use 40% instead of
20% as the positive–negative borderline (Fig. 3A, dotted lines),
only 22% (5 of 23) of C-neurons would be classed as trkA/
IB4. C-fiber DRG neurons are small dark neurons (Harper and
Lawson, 1985). In rat DRG sections, 64% of all uncorrected
neuronal profiles are of small dark neurons (Lawson et al., 1984).
Our 22% of C-neurons translates into 14% (22 of 64%) of neu-
ronal profile counts that would be IB4 and trkA, much closer
to published values above.
The C-neurons that are IB4/trkAmay be subject to influ-
ences of both NGF through trkA and GDNF through GFR1/ret
receptors expressed by IB4 neurons (Molliver et al., 1997; Ben-
nett et al., 1998). The data of Orozco et al. (2001) suggest that
many trkA/IB4 neurons express GFR3. If so, they may also
be influenced by artemin.
Electrophysiological differences between IB4 and IB4
C-fiber neurons
Small dissociated cultured IB4 DRG neurons have longer AP
durations than IB4 neurons from mouse and rat (Stucky and
Lewin, 1999; Wu and Pan, 2004). However, because “small” re-
ferred to26 m (area530 m2) or 15–30 m (area180–
710 m2) in those studies, respectively, it could include smaller
A-neurons (Fig. 1D), which might have contributed to these AP
shape differences. We confirm in C-neurons that IB4 neurons
have longer APdurations in vivo, including longer AP rise and fall
times.
Slower AP rise times and CVs in IB4 C-neurons suggest
different ion channel expression/activities in these neurons.
Nav1.9 is implicated by the following: correlations in C-neurons
of greater IB4 intensity with (1) greater Nav1.9 intensity, (2)
slower AP rise times, and (3) slower CVs, plus previous correla-
tions of Nav1.9 intensity with slower AP rise times and slower
CVs in C-nociceptors (Fang et al., 2002, 2005a). These observa-
tions suggest that elevated Nav1.9 levels in IB4C-fiber neurons
contribute to their longer duration APs and AP rise times and
thus their slower CVs. This interpretation is consistent with pref-
erential expression of Nav1.9 in IB4DRGneuronal somata and
IB4 sciatic nerve C-fibers, preferential regulation of Nav1.9
expression by GDNF (Fjell et al., 1999; Cummins et al., 2000),
and preferential uptake of GDNF by IB4 DRG neurons (Ben-
nett et al., 1998; Leitner et al., 1999). In contrast, our lack of
evidence for a difference in Nav1.8 intensity between IB4 and
IB4 C-nociceptor-type neurons or of correlation between
Nav1.8 intensity and IB4 intensity is consistent with Nav1.8 ex-
pression being regulated by both GDNF and NGF and occurring
in both IB4 and IB4 small DRG neurons (Fjell et al., 1999).
Nav1.8 is therefore unlikely to be responsible for the above elec-
trophysiological differences.
Nav1.9 may not be the only ion channel with expression/acti-
vation that differs between IB4 and IB4 neurons. Acutely
isolated small DRG neurons showed greater 4-AP-sensitive
A-type Kv currents in IB4 than IB4 neurons, which, it was
suggested, may “dampen” AP initiation (Vydyanathan et al.,
2005). This might also contribute to slower AP kinetics.
The more negative Ems in IB4 than IB4 C-neurons, al-
though unexpected, were also recently seen between small IB4
and IB4 neurons in culture (Choi, Dib-Hajj, and Waxman,
unpublished observations). Our data suggest that they may be
related to the higher Nav1.9 expression in IB4 C-neurons.
Nav1.9 produces a persistent current (Cummins et al., 1999).
Previous studies ofNav1.9 currents in isolated cells predicted that
Nav1.9 activation should cause depolarization (Herzog et al.,
2001; Baker et al., 2003). In contrast, and consistent with our
findings ofmore negative Ems in IB4C-neurons,Morisset et al.
(2005) observed significantlymore depolarizedEms inDRGneu-
rons from Nav1.9-null mice. One suggestion (Stys et al., 1993;
Sontheimer et al., 1994) is that persistent inward Na current
might prime the Na pump, increasing its activity and electro-
genesis and thus causing hyperpolarization. The likely influence
of this on excitability is unclear. Hyperpolarized Ems should re-
duce resting inactivation of Na channels (other than Nav1.8)
that are present in IB4 C-nociceptors, e.g., Nav1.7 and Nav1.9
(Cummins et al., 1999; Fang et al., 2002; Djouhri et al., 2003a;
Rush et al., 2006).
IB4 as a neuronal marker in DRG sections
Our data suggest the previous division of small (assumedC-fiber-
nociceptive) DRG neurons into IB4 and IB4 neurons to be
oversimplistic. They suggest a third subgroup comprising one-
third of C-fiber neurons that are IB4/trkA; these probably
express peptides [calcitonin gene-related peptide (CGRP) and
substance P] (Averill et al., 1995), receptors for both GDNF and
NGF, and possibly also artemin (see above).
The correlation of electrophysiological properties of DRG
C-neurons with IB4-binding immunointensities suggests that
IB4-binding sites are functionally important or are related to a
functionally important molecule, such as GDNF-receptor com-
ponents. Binding of IB4 to glycolipids and/or glycoproteins,
laminin 2 (Fullmer et al., 2004), and versican V2 (an extracel-
lular matrix proteoglycan) (Bogen et al., 2005) have been sug-
gested, but the functional significance of these putative IB4-
binding sites remains unclear.
Peripheral and central projections of IB4DRG neurons
IB4 binding of DRG neurons may be related to their peripheral
targets. Our finding that 4 of 6 C-neurons with superficial recep-
tive fields were IB4 is consistent with 70% of neurons retro-
gradely labeled from hairy skin epidermis being IB4 (Lu et al.,
2001; Lawson, 2005). In contrast, joint afferents were reported to
all be IB4 (Ivanavicius et al., 2004).
The recent suggestion (Braz et al., 2005) that IB4 and pep-
tide (CGRP)-expressing DRG neurons project to different cen-
tral pathways is intriguing. It would be interesting to know how
the central projections of the IB4/trkA subgroup relate to
these pathways. It is clear that IB4 DRG neurons project to
spinal cord lamina II inner (Plenderleith et al., 1992; Kitchener et
al., 1993), thus differing from peptide-expressing, presumably
trkA-expressing, DRG neurons that project to lamina I and II
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outer (Averill et al., 1995), indicating anatomical and thus func-
tional differences in their central pathways.
Conclusions
In summary, rat lumbar somatic afferent DRG neurons with in-
tense IB4 binding are exclusively C-nociceptor type. There are
threemain groups of somatic C-nociceptor-type neurons: IB4/
trkA, IB4/trkA, and IB4/trkA (35% of such neu-
rons). The trkA/IB4 staining of the last group suggests their
influence by NGF and GDNF. The higher level of Nav1.9 expres-
sion in IB4 than IB4 C-nociceptor-type neurons may con-
tribute to their slower APs and CVs. IB4 C-neurons have more
negative Ems. These differences in properties add substantially to
growing evidence that IB4 and IB4 C-neurons may have dif-
ferent functions and raise new questions about the functional
properties of the third group of C-fiber neurons, which are
IB4/trkA.
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